Introduction
Adult hematopoietic stem cells (HSCs) reside in a unique BM microenvironment (niche) and give rise to all circulating blood cells. The fates of HSCs are tightly orchestrated among quiescence, self-renewal, differentiation, apoptosis, and motility. A spectrum of intrinsic factors and extrinsic cues from the environment are required to maintain the stemness of HSCs (1) (2) (3) (4) (5) (6) . However, the underlying regulatory networks for maintaining HSC activities remain largely unknown. A number of secretory proteins produced by niche cells, including stem cell factor (SCF), thrombopoietin (TPO), Wnt, TGF-β, angiopoietin 1, FGF1/2 and angiopoietin-like proteins (ANGPTLs) have been reported to be critical for the regulation of HSC stemness (7) (8) (9) (10) (11) (12) (13) (14) . Interestingly, studies also indicate the existence of an autocrine effect induced by certain secretory proteins produced by HSCs, such as TPO (8) . We previously demonstrated that ANGPTL3, a secretory glycoprotein, was highly expressed in HSCs and that its deletion led to severe impairment of repopulation ability; hereafter, these proteins shall be termed "stemness-related secretory proteins" due to their critical roles in stemness maintenance in HSCs (15) . However, it is poorly understood how these stemness-related secretory proteins are processed when they are released from the transGolgi, transported to their next destination, gradually matured, and sorted into distinct vesicles for secretion.
Newly synthesized proteins in the ER are continuously delivered to the Golgi complex, plasma membrane, or extracellular spaces via vesicle transport pathways. Vesicles are either tightly regulated inside a cell to move in a directional manner or secreted outside of cells via different pathways, including exosomes, shedding vesicles, and nanoparticles (16) . Among these pathways, exosomes have been extensively studied, and accumulating evidence has indicated that exosomes may play crucial roles in many physiological activities of stem cells as well as malignant transformations. Exosomes with a diameter of 30 to 100 nm are derived from multivesicular bodies (MVBs), fuse with the plasma membrane, and release interluminal vesicles (ILVs) that contain lipids, proteins, microRNA, and other components (17) . Upon stimulation, exosomes can be released to the extracellular microenvironment and exert their effects on different cell types (18) . However, the regulation of vesicle trafficking -especially for exosome biogenesis, maturation, and secretion -in HSCs or other types of stem cells such as leukemia-initiating cells (LICs), remains unknown.
An increasing number of studies have provided encouraging evidence unraveling how specific cargos are transported from the Certain secretory proteins are known to be critical for maintaining the stemness of stem cells through autocrine signaling. However, the processes underlying the biogenesis, maturation, and secretion of these proteins remain largely unknown. Here we demonstrate that many secretory proteins produced by hematopoietic stem cells (HSCs) undergo exosomal maturation and release that is controlled by vacuolar protein sorting protein 33b (VPS33B). Deletion of VPS33B in either mouse or human HSCs resulted in impaired exosome maturation and secretion as well as loss of stemness. Additionally, VPS33B deficiency led to a dramatic delay in leukemogenesis. Exosomes purified from either conditioned medium or human plasma could partially rescue the defects of HSCs and leukemia-initiating cells (LICs). VPS33B co-existed in exosomes with GDI2, VPS16B, FLOT1, and other known exosome markers. Mechanistically, VPS33B interacted with the GDI2/RAB11A/RAB27A pathway to regulate the trafficking of secretory proteins as exosomes. These findings reveal an essential role for VPS33B in exosome pathways in HSCs and LICs. Moreover, they shed light on the understanding of vesicle trafficking in other stem cells and on the development of improved strategies for cancer treatment.
Sorting protein VPS33B regulates exosomal autocrine signaling to mediate hematopoiesis and leukemogenesis punctate staining along microtubules, rather than being evenly distributed fluorescence ( Figure 1A and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI87105DS1), indicating that they may exist in certain vesicles and be transported along the cytoskeleton. The punctate staining and distribution characteristics prompted us to test whether these proteins colocalize with certain types of vesicles, such as endosomes or MVBs. Using antibodies against LAMP1 (a marker for late endosomes/lysosomes; ref. 30 ) and CD63 (a more specific marker for MVBs and exosomes; ref. 31) , we found that TPO, ANGPTL2, and ANGPTL3 colocalized within late endosomes/ lysosomes (Supplemental Figure 1B) as well as MVBs ( Figure 1B) . To exclude the artificial effect of overloading of these proteins that may induce their observed packaging and export, endogenous TPO, ANGPTL2, and ANGPTL3 were evaluated in 2 hepatocarcinoma cell lines (HepG2, for TPO; SMMC-7721, for ANGPTL3) and a breast cancer cell line (MDA-MB-231, for ANGPTL2). The data from these cells show a similar distribution pattern when costained with α-tubulin, CD63, or VPS33B compared with that in 293T cells overexpressing these proteins (Supplemental Figure 1 , C and F).
The immunostaining results led us to speculate that TPO, ANGPTLs, or other secretory proteins may exist in exosomes. Thus, we first isolated exosomes from the TPO-, ANGPTL2-, or ANGPTL3-conditioned medium (the transcription factor ChREBP served as a control) and revealed that they were indeed secreted as exosomes ( Figure 1C and data not shown). To confirm that the purified exosomes also met the standards in this field, we analyzed the features of exosomes by transmission electron microcopy. As shown in Figure 1D , the exosomes presented as cup-shaped membrane vesicles of 50 to 90 nm, as previously reported (32, 33) . Approximately 42% of TPO, 42% of ANGPTL2, and 62% of ANGPTL3 were located in exosomes marked by TSG101 and flotillin 1 (FLOT1) ( Figure 1E ), and purified exosomes from human plasma contained a large amount of TPO, ANGPTL2, and ANGPTL3 proteins ( Figure 1F ). We also observed that only 8% of TPO appeared in exosomes, a much lower percentage than ANGPTL2 and ANGPTL3 (70% and 46% for ANGPTL2 and ANGPTL3, respectively; Figure 1G ).
To determine potential molecules that play important roles in exosome secretion, we screened several potential candidates that previous studies have suggested may participate in vesicle trafficking, including VPS16B, VPS33B, RAB11A, and RAB27A (22, 27, 29, 33) . We found that VPS16B and VPS33B, but not RAB11A or RAB27A (Supplemental Figure 1D) , were highly enriched in human plasma-derived exosomes ( Figure 1F ). Because VPS33B has been reported to be a regulator of MVB maturation (22, 27, 28) , we speculated that secretory proteins may be associated with VPS33B. Therefore, we examined the colocalization of VPS33B and several groups of candidate proteins known to be critical for HSC stemness (TPO, ANGPTL2, ANGPTL3, LDHA, and PKM2) (8, 14, 15, 34, 35) as well as other potential HSC stemness regulators (GLUT1 and other members of the ANGPTL family) (34, 36) using immunofluorescence staining. Indeed, we demonstrated that ectopically expressed TPO, ANGPTL2, and ANGPTL3 colocalized with VPS33B in 293T cells (Figure 2A and Supplemental Figure 1E ). Other stemness-related molecules, including GLUT1, LDHA, PKM2, and the remaining members of the ANGPTL famiGolgi and further sorted into different vesicles (19) (20) (21) . In most cases, contents derived from either receptor-mediated endocytosis or endogenous synthesis in the Golgi apparatus are fused and modified within early endosomes, which can be further processed to maturation in late endosomes/lysosomes or MVBs (a prerequisite for exosome formation). Two types of MVBs have been identified according to their internal morphology: type I MVBs (MVB I), which contain abundant ILVs, and type II MVBs (MVB II), which contain electron-dense material as well as ILVs (22) . Studies have revealed that vesicle trafficking is stringently controlled by a number of molecules. For example, a group of endosomal sorting complex required for transport (ESCRT) protein complexes sort proteins into vesicles that bud into the lumen of endosomes to facilitate the process of proteolytic degradation or maturation (23) . Specific cargo vesicles are gradually derived from MVB II and stored as secretory granules, such as α-granules or δ-granules in megakaryocytes (24, 25) . MVB II can further fuse with the plasma membrane to release the vesicle contents to extracellular spaces (i.e., exosomes) or lysosomes for degradation (26) . Nevertheless, the underlying mechanisms related to exosome biogenesis, maturation, and secretion are still unclear. Further studies to uncover the precise networks related to exosome trafficking in normal or malignant stem cells will open a new avenue to develop novel strategies for cancer treatment.
Vacuolar protein sorting protein 33b (VPS33B) mutations have been initially identified as the main causes for arthrogryposis, renal dysfunction, and cholestasis (ARC) syndrome, which is an autosomal recessive disorder with severe dysfunctions in several cell types, including platelets (27, 28) . Denisa Urban and colleagues, as well as other groups, have demonstrated that VPS16B interacts with VPS33B to contribute to the formation of α-granules (29) . However, how HSCs and LICs regulate vesicle trafficking for secretory proteins, and whether VPS33B is involved in exosome biogenesis, maturation, and secretion requires elucidation. In the current study we identified a number of stemness-related proteins in purified exosomes from conditioned medium and human plasma, including TPO, ANGPTL2, and ANGPTL3, all of which co-exist with VPS16B, VPS33B, and guanosine diphosphate dissociation inhibitor 2 (GDI2). Interestingly, knockdown of VPS33B dramatically inhibited the maturation and secretion of the total number of exosomes as well as their secretory protein contents. Using a tamoxifen-inducible conditional Vps33b mouse strain, we demonstrated that VPS33B was essential to maintaining the stemness of HSCs. Moreover, Vps33b deletion significantly delayed the onset of leukemogenesis in a murine MLL-AF9-transduced acute myeloid leukemia (AML) model. Knockdown of VPS33B also remarkably impaired the stemness of both human HSCs and LICs from AML patients.
Results
Stemness-related secretory proteins exist in exosomes, and their maturation and secretion are regulated by VPS33B. To determine how stemness-related secretory proteins mature and are released to extracellular spaces, several candidates of these proteins -TPO, ANGPTL2, and ANGPTL3 -were overexpressed in 293T cells and analyzed for their distribution patterns via immunofluorescence staining. We noticed that these proteins displayed as ing analysis of TPO, ANGPTL2, and ANGPTL3 with α-tubulin/ CD63/VPSS33B in HSCs further indicated that these proteins also colocalized with exosomes (Supplemental Figure 1H ). Because studies from both our group and others have shown that TPO and many members of the ANGPTL family (especially ANGPTL2 and ly, also colocalized with VPS33B (Supplemental Figure 1F ). In contrast, GM130, which is a cis-Golgi marker (27) , was not colocalized with VPS33B (Supplemental Figure 1F) . Consistently, endogenous TPO, ANGPTL2, and ANGPTL3 were colocalized with VPS33B in cancer cell lines (Supplemental Figure 1G ). Immunostain- (F) Number of exosomes purified from TPO-, ANGPTL2-, and ANGPTL3-conditioned medium upon knockdown of VPS33B in 293T cells, as determined by NanoSight (n = 3; *P < 0.05, ***P < 0.001 using Student's t test). (G) Representative immunoelectron microscopy images of MVBs from ANGPTL2-Flagexpressing 293T cells upon knockdown with scrambled or VPS33B-targeted shRNAs. Immunostaining was performed using an anti-Flag antibody (10 nm gold particles in MVB and cytoplasm indicated by blue and green arrows, respectively). Experiments were conducted 3 to 5 times for validation. jci.org Volume 126 Number 12 December 2016 2, N-P). This is consistent with a previous report that VPS33A, but maybe not VPS33B, is involved in the endocytosis (39 Figure 3A) . VPS33B expression levels were approximately 6-fold higher in human Lin -CD34 + CD38 -CD45RA -CD90 + LT-HSCs than in mononuclear cells (Supplemental Figure 3B) . We next crossed Vps33b fl/fl mice with transgenic mice expressing a tamoxifeninducible Cre recombinase under the control of the stem cell leukemia (Scl) HSC enhancer (Vps33b deletion is embryonic lethal), which deletes floxed genes in HSCs/progenitors as well as in a fraction of endothelial cells upon tamoxifen treatment (Supplemental Figure 3C ) (40 Table 1 ). Genotyping of hematopoietic cells from peripheral blood revealed that the deletion of Vps33b occurred 7 days after tamoxifen treatment (Supplemental Figure 3D ). A 21-day treatment led to an almost 100% reduction in VPS33B expression (Supplemental Figure 3D) . The deletion efficiency was further confirmed in both Lin + and Lin -BM cells by immunoblot analysis (Supplemental Figure 3E) .
To determine the role of VPS33B in HSC maintenance, we further examined the cellularity, frequencies, and absolute numbers of LT-HSCs in the BM of VPS33B +/+ and VPS33B -/-mice 21 days after tamoxifen treatment. As shown in Supplemental Figure  3F , the total BM cell number in VPS33B -/-mice was dramatically decreased to 46% of that in the VPS33B +/+ mice (2.3 × 10 7 vs. 4.9 × 10 7 , respectively), which was consistent with a marked reduction of cellularity in the BM as shown by hematoxylin and eosin staining (Supplemental Figure 3G ). As expected, the frequencies and absolute cell numbers of VPS33B-null LSK cells, MPP, ST-HSCs, and LT-HSCs in the BM were remarkably decreased compared with WT controls (Supplemental Figure 3 , H-J). We also measured the HSC frequencies with another combination of stringent markers (Lin -Sca-1
and found a similar trend upon Vps33b deletion (Supplemental Figure 3 , K and L).The frequencies in most types of myeloid progenitors and lymphoid progenitors remained unchanged except for granulocyte-monocyte progenitors (GMPs), which were notably declined in VPS33B
-/-mice (Supplemental Figure 3 , M-P). Consistently, a colony assay revealed that colony numbers of VPS33B-null primitive myeloid progenitors, granulocyte-monocyte progenitors, and erythroid progenitors were notably decreased compared with WT counterparts, but that the colony numbers of B cell progenitors were unchanged (Supplemental Figure 3 , Q-U). Although we did not find any significant changes in hematopoietic lineages in the BM 3 weeks after tamoxifen treatment (Supplemental Figure 3V) , we further monitored the lineage changes in the peripheral blood at different time points after tamoxifen treatment and found that the percentages of CD3 + T cells and Mac-1 + /Gr-1 + myeloid cells increased at week 16 despite a significant reduction in B220 + cells ANGPTL3) are essential to maintaining HSC activities through an autocrine effect (refs. 15, 34, and data not shown), we decided to examine the effect of VPS33B on the secretion of TPO, ANGPTL2, and ANGPTL3. We established 293T cell lines that stably expressed TPO, ANGPTL2, and ANGPTL3 and knocked down VPS33B expression with an engineered shRNA specifically targeting VPS33B (Supplemental Figure 2A) , after which we detected TPO, ANGPTL2, and ANGPTL3 by immunoblot analysis. As shown in Figure 2 , B and C, secreted TPO, ANGPTL2, and ANGPTL3 protein levels were markedly decreased 34%-53% relative to supernatant controls, but did not decrease in cells, implicating impaired maturation or secretion upon VPS33B knockdown. Furthermore, knockdown of VPS33B efficiently reduced the secretion of both total exosome levels (blotted with TSG101 and FLOT1) and TPO-, ANGPTL2-, or ANGPTL3-containing exosome fractions (51%, 49%, and 41%, respectively, compared to those in scrambled-treated cells; Figure 2 , D and E). VPS33B may only regulate the maturation and release of some types of empty vesicles (EVs), including ANGPTL2 and ANGPTL3, but not all EVs. For example, knockdown of VPS33B does not affect the exosomal release of IGFBP2 (Supplemental Figure 2B ), which is another secretory protein that regulates the stemness of HSCs and LICs as we have previously shown (37, 38) . Consistently, co-immunoprecipitation experiments revealed that VPS33B was associated with TPO, ANGPTL2, and ANGPTL3 but not with IGFBP2 (Supplemental Figure 2 , C-F), which indicates that VPS33B directly controls vesicle trafficking for certain types of proteins. Therefore, there is a functional and specific connection between either ANGPTL2 or ANGPTL3 and VPS33B. We then quantified the exosome size and release using NanoSight. Although the knockdown of VPS33B did not affect the size of the exosomes (Supplemental Figure 2G) , the exosomal release of TPO, ANGPTL2, and ANGPTL3 was dramatically decreased ( Figure 2F ). Consistent with these results, endogenous TPO, ANGPTL2, and ANGPTL3 also exist in both supernatant and purified exosomes, and their levels were dramatically decreased upon VPS33B deletion (Supplemental Figure 2 , H-K). Furthermore, we noticed that VPS16B and VPS33B levels in exosomes were significantly decreased upon VPS33B knockdown ( Figure 2D ), suggesting that both of them may regulate exosome maturation and secretion. Immunostaining analysis demonstrated that VPS33B was colocalized with VPS16B and other early or later exosome markers, including LAMP1, CD63, TSG101, and FLOT1 (Supplemental Figure 2L ). To further confirm these findings, immunoelectron microscopy analysis with antibodies against Flag-ANGPTL2 was performed in VPS33B-knockdown 293T cells. Strikingly, ANGPTL2-Flag-labeled gold particles appeared to be mainly clustered in the ILVs of MVBs, and many more particles were detected in control 293T cells compared with VPS33B-knockdown cells ( Figure 2G and Supplemental Figure 2M ), suggesting that secretory proteins such as ANGPTL2 are primarily located in MVBs and are regulated by VPS33B for maturation and secretion in exosomes. Because VPS33B is the paralog of VPS33A, which is required for endocytosis by promoting lysosome fusion with endosomes (39), we also analyzed the role of VPS33B in endocytosis by measuring the delivery of endocytosed dextran to lysosomes by quantitative live cell confocal microscopy and demonstrated that VPS33B had no effect on endocytosis (Supplemental Figure Figure 3A ). Furthermore, VPS33B-null donor cells had an impaired ability to repopulate B220 + lymphoid cells ( Figure 3B ), indicating that differentiation was affected in VPS33B-null HSCs. We then conducted a secondary transplantation with the same number of isolated WT or VPS33B-null donor cells and revealed a similar trend in both repopulation and lineages as shown in primary transplantation ( Figure 3 , C and D), indicating the loss of self-renewal ability upon Vps33b deletion. Regarding the notable decrease in HSC frequencies in VPS33B
-/-mice, we performed another competitive experiment with the same number of LT-HSCs from either VPS33B +/+ or VPS33B -/-mice and demonstrated that donor VPS33B-null cells only contributed to minor chimerism compared with their WT counterparts (23%, 13%, and 12% vs. 27%, 37%, and 43%, respectively; Supplemental Figure 4 , A and B), which further corroborated that VPS33B plays a crucial role maintaining HSC activities. To further evaluate VPS33B function in HSCs during a stress response, we treated VPS33B +/+ and VPS33B -/-mice with 5-fluorouracil (5-FU), which is toxic to cycling cells and which accelerates the entry of HSCs into the cell cycle. Consistently, VPS33B
-/-mice exhibited markedly decreased survival compared with WT controls ( Figure 3E) .
To exclude the notion that impaired repopulation abilities in VPS33B-null HSCs are due to the homing defect, we performed 2 experiments to test changes of homing in WT and VPS33B-null HSCs. First, either WT or VPS33B-null BM cells were labeled with CFSE and injected into recipient mice, followed by the detection of CFSE + Figure 3F ). Then, reconstituted mice were subjected to tamoxifen treatment, and deletion of Vps33b was verified by genotyping the mice 2 weeks after injection ( Figure 3F ). Although we did not find any differences in repopulation at earlier time points, the donor-derived frequencies from VPS33B-null BM cells was notably reduced 16 weeks after treatment (9% and 7% vs. 35% and 35% at weeks 16 and 24, respectively; Figure 3F ). The VPS33B-null donor HSCs repopulated all of the lymphoid and myeloid lineages except for B220 + cells ( Figure 3G ). These results suggest that microenvironmental levels of VPS33B may not be the major influence affecting HSC repopulation abilities, although Vps33b in CD45 -
Ter119
-CD31
+ endothelial cells could also be deleted 3 weeks after tamoxifen treatment (Supplemental Figure 4D ). Due to the limited cell number of CD45 -
+ endothelial cells, we could not conduct an analysis of transmission electron microscopy to examine the changes of exosomal maturation. However, we found no changes in the TPO, ANGPTL2, and ANGPTL3 expression levels in primary endothelial cells upon Vps33b deletion (Supplemental Figure 4E) . Moreover, BM endothelial cells have much lower levels of VPS33B, TPO, ANGPTL2, and ANGPTL3 compared with those in HSCs (Supplemental Figure 4F ), indicating that VPS33B may be not important in vesicle regulation in endothelial cells. Consistently, knockdown of VPS33B in HUVECs did not affect exosomal maturation and release as evaluated with NanoSight (Supplemental Figure 4G) . Taken together, these data indicate that the microenvironmental VPS33B levels may have a limited effect on HSC activities. Finally, we examined the quiescent status of LT-HSCs upon Vps33b deletion using Hoechst 33342 and Pyronin Y staining (41) . The frequency of VPS33B-null LT-HSCs in G0 phase was significantly reduced to approximately 58% of that of WT controls (Figure 3, H and I) . Loss of quiescence in VPS33B-null LT-HSCs was further confirmed using anti-Ki-67/DAPI staining (Supplemental Figure 4 , H and I). Because cycling LT HSCs are more prone to apoptosis, we further assessed the apoptotic status of LT-HSCs with annexin V/7-AAD staining and found that the frequency of apoptotic VPS33B-null LT-HSCs was markedly increased (FigFigure 3 . VPS33B maintains HSC functions. (A) WT and VPS33B-null BM CD45.2 cells along with CD45.1 competitor cells were injected into lethally irradiated CD45.1 recipient mice (n = 5; **P < 0.01, ***P < 0.001 using Student's t test). Repopulation was analyzed at 3, 8, and 16 weeks after transplantation. (B) Multilineage contribution of donor cells in the primary recipients at 16 weeks post-transplantation (n = 5; *P < 0.05 using Student's t test). (C) Secondary transplantation was performed with FACSpurified donor CD45.2 BM cells from WT and VPS33B-null primary recipients. Repopulation was analyzed at 4, 8, and 16 weeks after transplantation (n = 5; **P < 0.01, ***P < 0.001 using Student's t test). (D) Multilineage contribution of donor cells in secondary recipients 16 weeks after transplantation (n = 5; *P < 0.05 using Student's t test ) mice were intraperitoneally administered 150 mg/kg 5-FU weekly for 3 times (arrows), and the survival rates were analyzed (n = 7; *P < 0.05 using log-rank test cells) along with competitor cells were transplanted into lethally irradiated CD45.1 recipient mice, followed by the treatment with tamoxifen 8 weeks after transplantation and analysis for repopulation from 2 to 24 weeks after treatment. Vps33b deletion (arrow) was shown after 2-week treatment (n = 5; **P < 0.01, ***P < 0.001 using Student's t test). (G) Multilineage contribution of donor cells 24 weeks after transplantation (n = 5; *P < 0.05 using Student's t test). (H and I) WT and VPS33B-null LT-HSCs were analyzed for cell cycle stage by staining with Hoechst33342/Pyronin Y (H), and the frequencies of the G0, G1, and S-G2-M fractions were quantified (n = 3; *P < 0.05, ***P < 0.001 using Student's t test) (I). (J) Apoptosis was measured in LT-HSCs from VPS33B +/+ and VPS33B -/-mice by using annexin V/7-AAD staining (n = 5; ***P < 0.001 using Student's t test). (K) Representative images of LT-HSCs from VPS33B +/+ and VPS33B -/-mice 10 days after culturing in basic medium (SCF+TPO) (n = 6). (L-N) Cell numbers (L), percentages of LSK cells (M), and percentages of apoptotic cells (N) were evaluated in cultured WT and VPS33B-null LT-HSCs (n = 6; *P < 0.05, **P < 0.01, ***P < 0.001 using Student's t test). Experiments were conducted 3 to 5 times for validation. jci.org
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crucial for many aspects of HSC activities, including self-renewal, differentiation, quiescence, and apoptosis. VPS33B/GDI2 controls exosome maturation and secretion to regulate HSC activities. To determine whether VPS33B plays a role in exosome maturation in LT-HSCs, thin sections of tissue were subjected to transmission electron microscopy analysis, which revealed that VPS33B-null LT-HSCs harbored fewer vesicles, especially for typical MVB I and MVB II, compared with WT control sections (0.5 vs. 2.8 vesicles for MVB I and 0.4 vs. 1.6 vesicles for MVB II per HSC section, respectively; Figure 4 , A and B and Supplemental Figure 5A ). More strikingly, ILVs were barely detected in most of the MVBs of VPS33B-null LT-HSCs (EVs), as shown in Figure 4B and Supplemental Figure 5A ). These results suggest that VPS33B is critical for exosome maturation. ure 2J). Furthermore, a notable increase in the sub-G1 fraction in VPS33B-null HSCs was observed compared with WT HSCs (Supplemental Figure 4 , J and K). The TUNEL assay revealed a higher frequency of TUNEL + cells in VPS33B-null HSCs than in WT HSCs (Supplemental Figure 4 , L and M). Mechanistically, several key regulators that promote apoptosis, including p53, noxa, puma, and Bad, were significantly upregulated (Supplemental Figure 4N) . In contrast, Bcl2, an antiapoptotic factor, was significantly decreased (Supplemental Figure 4N) . Consistently, VPS33B-null LT-HSCs expanded much more slowly when they were subjected to in vitro culture ( Figure 3 , K and L), the percentage of cultured phenotypic HSCs (Lin -Sca-1 + c-Kit + ) was dramatically reduced, and levels of apoptosis in VPS33B-null cells were significantly increased (Figure 3, M and N) . Collectively, these data indicate that VPS33B is +/+ and VPS33B -/-mice showing morphologies of EVs, MVB I (blue arrows) and MVB II (green arrows). Scale bars: 2 μm; 500 nm (insets). (B) Quantification of organelles (EVs, MVB I, and MVB II) present in WT and VPS33B-null LT-HSCs (n = 20; *P < 0.05, ***P < 0.001 using Student's t test). (C) Flag-tagged VPS33B was transfected into 293T cells and immunoprecipitated. Western blotting was performed with antibodies against GDI2, FLOT1, VPS16B, RAB11A, and RAB27A. The backbone empty vector (Ctrl) was used as the control. (D) Converse co-immunoprecipitation experiments were performed in 293T cells via pulldown of StrepII-tagged GDI2, Fc-tagged RAB11A, and Fc-tagged RAB27A, followed by Western blotting to detect VPS33B levels. (E) VPS33B was either overexpressed (OE) or knocked down (shVPS33B) in 293T cells, followed by exosome extraction and immunoblotting with GDI2, TSG101 and FLOT1. (F) GDI2 levels were measured in human plasma-derived exosomes by western blotting. TSG1 and FLOT1 served as exosome markers (n = 3). (G) Protein levels and colocalization of VPS33B and GDI2 were evaluated between WT and VPS33B-null LT-HSCs using immunostaining (n = 5). Scale bars: 5 μm. Experiments were conducted 3 to 5 times for validation. jci.org
Volume 126 Number 12 December 2016 fication. To validate the interactions between VPS33B and GDI2, RAB11A, or RAB27A, converse co-immunoprecipitation experiments pulling down GDI2, RAB11A, or RAB27A were performed to demonstrate that GDI2, RAB11A, and RAB27A were indeed associated with VPS33B ( Figure 4D ). Overexpression or knockdown of VPS33B in 293T cells was able to enhance or reduce, respectively, the number of GDI2-containing exosomes secreted in the supernatant ( Figure 4E ). Interestingly, GDI2, but neither RAB11A nor RAB27A, was highly enriched in human plasmaderived exosomes ( Figure 4F and Supplemental Figure 1D ). Meanwhile, the knockdown of GDI2 led to a dramatic decrease in TPO, ANGPTL2, and ANGPTL3 levels in the supernatant (Supplemental Figure 5 , B and C). These results imply that VPS33B may cooperate with GDI2 to control the exosome pathways and HSC stemness maintenance. Consistent with this finding, co-staining analysis of VPS33B with GDI2 in LT HSCs revealed that deletion of Vps33b resulted in a dramatic reduction in GDI2 levels ( Figure 4G ) but not in RAB11A or RAB27A levels (Supplemental Figure 5D) , which is consistent with the notable decrease in Gdi2 mRNA levels (Supplemental Figure 5E ). This phenotype is similar to the proWe next performed co-immunoprecipitation with 293T cells to pull down HA-tagged VPS33B and examined potential interactions by mass spectrometry (Supplemental Table 2 ). Several interacting proteins, including GDI2, FLOT1, VPS16B, RAB11A, and RAB27A, were found in immunoblot analysis to associate with VPS33B (Supplemental Table 2 and Figure 4C ). However, we did not identify any proteins that have been known to be involved in the endocytotic process, such as VPS11, VPS16, VPS18, VPS39, and VPS41. In contrast, VPS16B, the paralog of VPS16, was identified by the mass spectrometry proteomics, although it was shown to have no effect on endocytosis (39) . Several lines of evidence have illustrated that Rab family members, including RAB7, RAB11, RAB27A, RAB27B, and RAB35, play a crucial role in exosome secretion (42) (43) (44) (45) (46) (47) . Our data also suggest that either RAB11A or RAB27A may mainly mediate exosome release from the cytoplasm, but constitutive components for exosomes were undetectable in purified exosomes (Supplemental Figure 1D) . Furthermore, the other identified candidates (e.g., GDI2, FLOT1 and VPS16B) may also be involved in vesicle trafficking (48-50), although whether they participate in the exosome pathways requires clari-
Figure 5. Supplement of exogenous ANGPTL2 and ANGPTL3 proteins or overexpression of GDI2 restores the impaired activities of VPS33B-null HSCs. (A) Representative images of LT-HSCs from VPS33B
+/+ and VPS33B -/-mice cultured in basic medium (SCF+TPO), ANGPTL2-, and ANGPT3-conditioned medium (referred as Ctrl, A2, and A3, respectively) for 8 days (n = 5). (B and C) Cell numbers and apoptosis were measured in cultured WT and VPS33B-null LT-HSCs in A (n = 5; **P < 0.01, ***P < 0.001 using Student's t test). (D) ANGPTL2 and ANGPTL3 were overexpressed in VPS33B-null HSCs, which were subjected to competitive reconstitution analysis. Engraftment was analyzed at 4, 8, and 16 weeks after transplantation (n = 5; ***P < 0.001 using Student's t test). (E) GDI2 was overexpressed in VPS33B-null HSCs, which were subjected to competitive reconstitution analysis. Engraftment was analyzed at 3, 8, and 16 weeks after transplantation (n = 5; ***P < 0.001 using Student's t test). (F) GDI2 was knocked down in WT HSCs, which were subjected to competitive reconstitution analysis. Engraftment was analyzed at 3, 8, and 16 weeks after transplantation (n = 5; ***P < 0.001 using Student's t test). Experiments were conducted 3 times for validation. jci.org Volume 126 Number 12 December 2016
VPS33B regulates the release of growth factor-containing exosomes to maintain mouse and human HSC functions.
To test whether exosomes can rescue the defects of VPS33B-null HSCs, we examined the binding activity of exosomes containing ANGPTL2 to its receptor (LILRB2) as previously identified (14) . As indicated in the FACS plot in Figure 6A , ANGPTL2-containing exosomes, but not control exosomes, showed similar binding activity compared with that from ANGPTL2-conditioned medium. Exosomes released from VPS33B-knockdown HSCs/progenitor cells from human cord blood were significantly reduced after 7 days of culture in vitro (Supplemental Figure 7A) . This result further indicates that VPS33B plays an important role in exosome release in HSCs/ progenitor cells. Exogenous purified ANGPTL2-or ANGPTL3-containing exosomes partially rescued the impaired growth abilities and apoptosis of VPS33B-null HSCs ( Figure 5B and Supplemental Figure 7 , B-E). We also discovered that purified exosomes from human plasma had similar effects to promote the expansion of VPS33B-null HSCs in vitro ( Figure 6B ), indicating that certain critical HSC growth factors may exist in human exosomes. By contrast, purified TPO-containing exosomes did not reverse the delay of growth in VPS33B-null HSCs, similar to treatment with recombinant TPO protein ( Figure 5A ), suggesting that TPO plays differential roles in maintaining HSC stemness (Supplemental Figure 7F) .
Knockdown of VPS33B in CD34 + HSCs from human cord blood led to significantly reduced colony numbers as measured with an in vitro functional assay (Supplemental Figure 7 , G and H) as well as drastically increased apoptosis (Supplemental Figure  7I) . Exosomes purified from either 293T cell-conditioned medium or human plasma partially rescued the delayed proliferation of human CD34 + HSCs, comparable to the exosomes supplemented with ANGPTL2-and ANGPTL3-conditioned medium (Supplemental Figure 7J ). Finally, VPS33B-knockdown CD34 + HSCs from human umbilical cord blood were transplanted into NOD-SCID mice, and the engraftment was evaluated 2 months after injection. As shown in Figure 6 , C-E, repopulation was almost totally abrogated upon VPS33B knockdown (4.24% vs. 0.095%). Collectively these data indicate that VPS33B plays a critical role in the maturation and secretion of many sorted proteins (or growth factors) essential for mouse and human HSC stemness and that some of these proteins may be secreted via exosomes.
VPS33B supports AML development. To evaluate the roles of VPS33B in leukemia development, we established a murine MLL-AF9-transduced AML model with either VPS33B +/+ or VPS33B -/-mice, which can be monitored by the frequencies of YFP + leukemia cells in peripheral blood and mouse survival resulting from increased leukemic burden. We first measured the percentage of YFP + leukemia cells in peripheral blood from VPS33B-null primary recipients 4 weeks after transplantation and found the percentage of YFP + cells to be significantly decreased compared with their WT counterparts (11% vs. 29%, respectively; Figure 7A ). AML cells were characterized by their expression of myeloid cell markers, but not lymphoid cell markers, as determined by flow cytometric analysis (Supplemental Figure 8, A-C) . We also evaluated the frequency of Mac-1 + c-Kit + leukemia cells (as reported to be enriched for LICs), which was markedly reduced in primary VPS33B-null recipients (33% vs. 65%; Figure 7 , B and C). Deleting Vps33b led to a dramatically delayed onset of leukemogenesis, as shown by tective effect that VPS16B provides VPS33B as shown by Denisa Urban et al. (29) . Taken together, these data indicate that VPS33B may collaborate with GDI2/RAB11A/RAB27A signaling to control exosome maturation and secretion.
Because we previously demonstrated that ANGPTL3 was highly expressed in mouse HSCs and maintains the stemness of HSCs through an autocrine effect (15) and that knockdown of VPS33B resulted in a marked decrease in ANGPTL2 and ANGPTL3 secretion ( Figure 2B ), we reasoned that the addition of ANGPTL2 and ANGPTL3 to VPS33B-null HSCs may reverse the delayed cell proliferation in vitro. We provide evidence showing that exogenous supplement of ANGPTL2 and ANGPTL3, but not TPO (basic medium contained recombinant proteins of SCF and TPO), to the culture medium efficiently enhanced the expansion of VPS33B-null HSCs in vitro ( Figure 5A ). There was also a remarkable increase in total cell numbers ( Figure 5B ) and reduced frequencies of apoptotic cells upon the addition of ANGPTL2-and ANGPTL3-conditioned medium ( Figure 5C ). Although we revealed that ANGPTL2 and ANGPTL3 partially rescued the loss of function of VPS33B-null HSCs, we could not exclude the possibility that many other trafficked proteins play a role in VPS33B-null hematopoiesis. As expected, overexpression of either ANGPTL2 or ANGPTL3 in VPS33B-null HSCs did not restore their ability to repopulate in vivo due to impaired exosome maturation and release ( Figure 5D ). A similar experiment showed that overexpression of ANGPTL2 and ANGPTL3 in HSCs had no influence on the proliferation, apoptosis, or repopulation of VPS33B-null HSCs compared with controls both in vitro and in vivo (Supplemental Figure 5, F-I) . These results further suggest that Vps33b deletion might mainly affect the maturation and release of ANGPTL2 and ANGPTL3, but not their expression levels. Therefore, only exogenous addition of these proteins rescues the loss of function of VPS33B. In addition, ectopic expression of ANGPTL2 and ANGPTL3 in WT HSCs also did not affect the repopulation ability, indicating that physiologic concentration is suitable for HSCs to maintain their stemness (Supplemental Figure 5I) .
To further identify the potential targets that influence HSC activities, we first knocked down the expression of GDI2 in 32D cells (a myeloid cell line) with validated shRNA-encoding lentiviruses (Supplemental Figure 6A ) and examined their effect on cell proliferation. As shown in Supplemental Figure 6B , GDI2-knockdown 32D cells expanded much more slowly compared with cells infected with scrambled shRNA. A much higher frequency of apoptotic cells was also detected in GDI2-knockdown 32D cells compared with scrambled shRNA-infected controls (2% vs. 13%, respectively; Supplemental Figure 6C ). We then performed competitive transplantation by overexpressing GDI2 in VPS33B-null HSCs. Repopulation was almost completely restored at 3, 8, and 16 weeks after transplantation ( Figure 5E , cell cycle status, and apoptosis in reconstituted mice revealed a fully rescued effect in GDI2-overexpressed VPS33B-null HSCs compared with their counterparts (Supplemental Figure 6 , D-G). Concomitantly, downregulation of GDI2 in HSCs resulted in a marked decrease in repopulation ability (Figure 5F ). Taken together, these results indicate that GDI2 serves as an important mediator of VPS33B to control exosome maturation and release in order to maintain HSC stemness. To test whether there is increased susceptibility to chemotherapy in the VPS33B-null AML model, we treated AML mice with cytarabine and found that VPS33B-null AML mice had dramatically extended survival compared with WT mice (20 days vs. 9 days, respectively; Supplemental Figure 8H ). Moreover, we tested the effect of the general vesicle trafficking inhibitor (no specific inhibitor for VPS33B is available), 3-methyladenine (3-MA), in the significantly extended survival in VPS33B-null leukemia cells upon primary transplantation (72 vs. 44 days; Figure 7D ). We next performed secondary transplantation and found that the frequencies of total YFP + leukemia cells and Mac-1 + c-Kit + LICs were decreased to 29% and 67% of those in WT controls, respectively (Supplemental Figure 8, D and E) . VPS33B-null leukemia cells had a severely impaired ability to initiate leukemia upon secondary transplantation (80 vs. 39 days; Figure 7E ). The sizes of spleens and livers from VPS33B-null recipients appeared much smaller +/+ and VPS33B -/-mice cultured in basic medium (SCF+TPO; Ctrl), ANGPTL2-conditioned medium (A2), and ANGPTL3-conditioned medium (A3); in medium containing purified control exosomes (CExo), ANGPTL2-containing exosomes (A2Exo), and ANGPTL3-containing exosomes (A3Exo) from conditioned medium; and in human plasma-derived exosomes (hExo) for 6 days (n = 4). + in the BM of NOD-SCID mice as shown in C at 2 months after transplantation (n = 7; ***P < 0.001 using Student's t test). (E) Summary of the multilineage contributions as described in C (n = 7; **P < 0.01, ***P < 0.001 using Student's t test). Experiments were conducted 3 times for validation. jci.org Volume 126 Number 12 December 2016 and ANGPTL3-conditioned medium or their respective purified exosomes, as well as human plasma-derived exosomes, were added to VPS33B-null LICs, the impaired expansion ability and increased apoptosis levels in the VPS33B-null LICs were partially reversed ( Figure 7H and Supplemental Figure 8 , M-P). These results suggest that VPS33B is required for exosome maturation and secretion to support mouse leukemia development. Finally, to evaluate the function of VPS33B in human AML cells, VPS33B was silenced in several human AML cell lines, including HL-60, THP-1, and U937, with a constitutive VPS33B-targeted shRNA (Supplemental Figure 9, A and B) . Similar to our findings in mouse VPS33B-null LICs, human leukemia cell lines with VPS33B knockdown were vulnerable to apoptosis (Supplemental Figure 9 , both mouse and human AML cell lines in vitro. 3-MA is a specific inhibitor for VPS34, which is essential for endosomal trafficking of proteins to the vacuole/lysosome, autophagy, and phagocytosis (51, 52) . Interestingly, 3-MA also efficiently delayed the proliferation of these cell lines (Supplemental Figure 8, I and J). These data suggest that targeting the process of vesicle trafficking may be a novel approach to eradicating LICs.
Mechanistically, we demonstrated that VPS33B-null LICs lost their quiescence, which led to 2-fold higher levels of apoptosis (Supplemental Figure 8, K and L) . Transmission electron microscopy analyses displayed a remarkable decrease in the numbers of typical MVB I and MVB II but an increased number of EVs in VPS33B-null LICs (Figure 7, F and G) . When exogenous ANGPTL2- + LICs from 3 different patients was counted on the indicated days after VPS33B knockdown (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 using Student's t test). (D) Apoptosis of AML samples in A-C were evaluated by the staining with annexin V/7-AAD (n = 3; ***P < 0.001 using Student's t test). (E and F) Representative images and colony numbers were measured in human CD34 + LICs after VPS33B knockdown (n = 3; ***P < 0.001 using Student's t test). (G) Representative images of human CD34 + LICs cultured in basic medium (SCF+IL-3+IL-6+FLT3 ligand) with or without ANGPTL2-and ANGPTL3-conditioned medium (Ctrl, A2, and A3) or their purified exosomes (CExo, A2Exo, and A3Exo) as well as human plasma-derived exosomes (hExo) for 6 days (n = 3). (H) Working model for the roles of VPS33B in the regulation of exosome maturation, secretion, and stemness maintenance in both HSCs and LICs. Experiments were conducted 3 times for validation. jci.org Volume 126 Number 12 December 2016 (48, 56) . Here we found that GDI2 is mainly involved in the maturation and/or release of certain types of secretory proteins to maintain the stemness of HSCs. Knockdown of GDI2 led to a dramatic decrease in TPO, ANGPTL2, and ANGPTL3 levels in the supernatant and a marked decrease of repopulation (Supplemental Figure  5 , B and C and Figure 5F ). Interestingly, overexpression of GDI2 almost completely rescued the decreased activities of VPS33B-null HSCs ( Figure 5E ). These data suggest that GDI2 serves as an important mediator for VPS33B to regulate vesicle maturation and release to control HSC activities. Current studies have indicated that exosome maturation (or the formation of MVBs and ILVs) may be initiated by the ERSCT complex. However, it has also been reported that MVBs and their corresponding ILVs can be formed by ESCRT-independent pathways, which primarily rely on tetraspanin CD63 mediation (57, 58) . Whether VPS33B functions in ERSCT-dependent or ERSCTindependent pathways to influence exosome maturation is still not clear. Because VPS33B colocalizes with CD63, it is possible that there exists an ERSCT-independent pathway for VPS33B in regulating exosome maturation. Interestingly, we demonstrated that VPS33B was associated with GDI2 and might provide a protective effect for the stability of GDI2 in LT HSCs. The deletion of Vps33b resulted in a dramatic decrease in mRNA levels of GDI2 (Supplemental Figure 5E ) but had no effect on the ubiquitination levels of GDI2 as determined in 293T cells (data not shown), although other unknown modifications may also be involved in GDI2 stability. The knockdown of GDI2 also led to a dramatically decreased level of many secretory proteins in the supernatant, including TPO, ANGPTL2, and ANGPTL3 (Supplemental Figure 5 , B and C), which may contribute to the phenotypes in VPS33B-null HSCs ( Figure 5E ). These data indicate that the VPS33B/GDI2 complex is critical to regulate the maturation or release of exosomes.
For exosome release, several Rab family member proteins, including RAB7, RAB11A, RAB27A, and RAB27B, have been reported to be critical for exosome secretion (42, 43, 46, 47, 59 ). Here we provide intriguing evidence showing that VPS33B is also associated with RAB11A and RAB27A, which suggests that VPS33B may be a novel player in exosome secretion ( Figure 4C ). Whether VPS33B interacts with other Rab family members such as RAB7 or RAB27B to regulate exosome secretion remains unknown. Taken together, our data reveal that VPS33B may regulate exosome maturation and release by interacting with GDI2, RAB11A, and RAB27A. Nevertheless, how these regulators interact with VPS33B to fine-tune exosome maturation and secretion requires further elucidation.
VPS33B appears to affect many cellular processes of LICs, including self-renewal, differentiation, quiescence, and apoptosis. Our studies suggest that VPS33B may be more essential for leukemia development at early stages than for normal hematopoiesis because the depletion of VPS33B dramatically extends the survival of a MLL-AF9-transduced mouse AML model. VPS33B also influences the expansion of human LICs as determined by a surrogate functional analysis (Figure 8 , E and F, and Supplemental Figure 9 , K and L). Additional studies to investigate the functions of other interacting molecules (e.g., GDI2, FLOT1, VPS16B, RAB11A, and RAB27A) in LICs are needed to better understand the regulatory network of vesicle trafficking and to develop novel therapeutic treatments for leukemia. Interestingly, VPS16B has C-F). Meanwhile, knockdown of VPS33B in the patient AML samples led to a significant delay in cell proliferation and increased apoptosis in both CD34 + -enriched LICs and bulk leukemia cells ( Figure  8 , A-D and Supplemental Figure 9 , G-J). The in vitro functional colony-forming assay exhibited a 5.3-fold reduction in the number of colonies (6 vs. 32; Figure 8 , E and F) and a 3.7-fold reduction in total cell counts upon VPS33B knockdown (10 × 10 4 vs. 37 × 10 4 ; Supplemental Figure 9K ). VPS33B-knockdown CD34 + AML cells were prone to cell death as determined by annexin V/7-AAD staining (Supplemental Figure 9L) . As expected, an exogenous supplement of exosomes purified from either ANGPTL2-and ANGPTL3-conditioned medium or human plasma partially reversed the phenotypes (i.e., decreased growth ability and increased apoptosis) (Figure 8G and Supplemental Figure 9 , M-P). We created a working model, depicted in Figure 8H , to illustrate that VPS33B participates in vesicle maturation and secretion of a variety of secretory proteins through exosome pathways to manipulate their autocrine effects on the stemness of HSCs and LICs. The action of VPS33B on the exosome pathways may also be essential to maintaining the activities of different types of stem cells.
Discussion
Here we report that VPS33B was highly expressed in both HSCs and LICs and was involved in exosome maturation and secretion to maintain their stemness by regulating the release of certain growth factors such as TPO, ANGPTL2, and ANGPTL3. This finding is concordant with the observation that HSCs produce high levels of ANGPTLs (53), which may facilitate the sustained activities of HSCs (14, 15, 54, 55) . Because the addition of exogenous ANGPTL2 and ANGPTL3 to the culture medium only partially rescued the decreased proliferative abilities of HSCs/LICs, it is possible that other stemness-related secretory proteins may contribute to the loss of function of VPS33B-null HSCs. Further identification of potential stemness stimulatory factors controlled by VPS33B will open a new avenue to understanding the regulatory networks of vesicle trafficking in HSCs/LICs.
In the BM niche, many other cell types (e.g., erythrocytes, platelets, endothelial cells, and mesenchymal lineage cells) may also be involved in the secretion of exosomes and contribute to maintaining the stemness of HSCs. However, the expression levels of these secretory proteins in BM cells require further investigation. Interestingly, we demonstrated that HSCs had much higher levels of TPO, ANGPTL2, and ANGPTL3 compared with those in the endothelial cells (Supplemental Figure 4F) , indicating that an autocrine effect may play a major role in the regulation of HSC stemness. Consistently, the deletion of Vps33b in endothelial cells did not affect the expression levels of TPO, ANGPTL2, and ANGPTL3 (Supplemental Figure 4E) . Meanwhile, VPS33B knockdown VPS33B in HUVECs did not affect exosome maturation and release as evaluated by NanoSight (Supplemental Figure 4G) . In contrast, specific deletion of Vps33b in HSCs still led to notably decreased repopulation (Figure 3, F and G) . These data suggest that VPS33B may mainly play an autocrine role (or partially through the paracrine role) in the regulation of HSC stemness.
GDI2 has been reported to be associated with Rab-GDP to control the Rab-GTP/Rab-GDP switch, which is indispensable for the functional processes of vesicle budding, docking, and fusion jci.org Volume 126 Number 12 December 2016 tein were calculated by either the "after extraction/before extraction" ratio or shVPS33B/SCR. In some cases, the size and concentration of exosomes were assessed in either purified exosomes or supernatant derived from cultured VPS33B-knockdown human cord blood HSCs with a NanoSight NS300 instrument. Table 3 .
been reported to be associated with VPS33B and serves as a key regulator for the megakaryocyte and platelet α-granule biogenesis (29) . Although no study related to the function of VPS16B in HSC/LIC regulation has been reported, we believe that VPS16B may collaborate with VPS33B to maintain the stemness of HSCs/ LICs, since VPS16B affects the expression level of VPS33B (29) . In summary, our studies provide strong and critical clues showing that VPS33B cooperates with GDI2, RAB11A, RAB27A, and other molecules to regulate the autocrine effects from a multitude of stemness-related secretory proteins in order to maintain the activities of both HSCs and LICs partially through exosome pathways.
Methods
Mice. C57BL/6 CD45. mice). Mice received intraperitoneal tamoxifen (T5648; SigmaAldrich) injections (1 mg/0.1 ml of corn oil) to induce Cre recombinase, as previously described (40) . Animal experiments were approved by our institution and conducted according to the Guideline for Animal Care at SJTU-SM. Exosome isolation. HEK 293T cell lines (ATCC) that were stably expressing (overexpressing) TPO, ANGPTL2, ANGPTL3, and IGFBP2 were established, and the supernatants were collected for further purification of exosomes. Cells were cultured in 30 ml of medium supplemented with exosome-free FBS (i.e., FBS was pre-centrifuged at 120,000 g for 16 h) for 72 hours. To isolate exosomes from the cell-conditioned medium, cells and cellular debris were removed by differential centrifugation: 400 g for 10 minutes, 2,000 g for 10 minutes, and 10,000 g for 30 minutes. Exosomes were further pelleted by ultracentrifugation at 110,000 g for 80 minutes, washed with PBS, and pelleted again by ultracentrifugation at 110,000 g. To isolate exosomes from human plasma, 5 ml of human plasma was diluted with 5 ml of PBS, followed by differential centrifugation. All ultracentrifugation steps were performed at 4°C using a Beckman Optimal-100 XP ultracentrifuge with a Ti70 rotor (Beckman Coulter). Finally, exosomes were re-suspended in 200 μl of PBS. To test the function of VPS33B and GDI2 in exosome secretion, either VPS33B or GDI2 was knocked down in 293T cells stably expressing TPO, ANGPTL2, and ANGPTL3, and the levels of ANGPTL2, ANGPTL3, IGFBP2 (Flag-tagged),TPO (V5-tagged), TSG101, and FLOT1 were detected by immunoblot analysis. In some cases, VPS33B was knocked down in the MDA-MB-231, SMMC-7721, and HepG2 cancer cell lines (ATCC) and the supernatant was collected for exosome extraction and analysis.
To measure the amount of the exosomes isolated from conditioned medium or human plasma, the levels of exosome-bound proteins were calculated with the remnant protein levels in conditioned medium or human plasma immediately after the first round of centrifugation and compared with those in samples before centrifugation. Technologies) supplemented with 10 μg/ml heparin (Sigma-Aldrich), 10 ng/ml mouse or 50 ng/ml human SCF (Peprotech), and 20 ng/ml mouse or 10 ng/ml human TPO (Peprotech), with or without serumfree ANGPTL2-or ANGPTL3-conditioned medium or their purified exosomes, as previously described (60 StemSpan serum-free medium supplemented with mouse or human SCF, IL-3, IL-6 (Peprotech), and FLT3 ligand (for human AML cells only, Peprotech) with or without serum-free ANGPTL2-or ANGPTL3-conditioned medium or their purified exosomes. In some cases, exosomes purified from human plasma were added to the culture medium.
Statistics. Data are expressed as mean ± SEM. Data were analyzed with a Student's t test unless otherwise indicated. The survival rates of the 2 groups were analyzed using a log-rank test. All t tests were 2-tailed, and P values of less than 0.05 were considered significant.
Study approval. BM mononuclear cells were obtained from the patients following diagnostic work from the Department of Hematology at Xinhua Hospital, SJTU-SM. Written informed consent was obtained from all of the patients, and all procedures were approved by the Ethics Committee for Medical Research (IRB) at SJTU-SM. All mouse experimental procedures were conducted with the approval of the Department of Laboratory Animal Science (DLAS), SJTU-SM.
